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Does biodiversity increase spatial stability in plant
community biomass?
Abstract
We tested the hypothesis that biodiversity decreases the spatial variability of biomass production
between subplots taken within experimental grassland plots. Our findings supported this hypothesis if
functional diversity (weighted Rao's Q) was considered. Further analyses revealed that diversity in
rooting depth and clonal growth form were the most important components of functional diversity
stabilizing productivity. Using species or functional group richness as diversity measures there was no
significant effect on spatial variability of biomass production, demonstrating the importance of the
biodiversity component considered. Moreover, we found a significant increase in spatial variability of
productivity with decreasing size of harvested area, suggesting small-scale heterogeneity as an
important driver. The ability of diverse communities to stabilize biomass production across spatial
heterogeneity may be due to complementary use of spatial niches. Nevertheless, the positive effect of
functional diversity on spatial stability appears to be less pronounced than previously reported effects on
temporal stability.
Does biodiversity increase spatial stability in plant 
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We tested the hypothesis that biodiversity decreases the spatial variability of biomass 
production between subplots taken within experimental grassland plots. Our findings 
supported this hypothesis if functional diversity (weighted Rao's Q) was considered. Further 
analyses revealed that diversity in rooting depth and clonal growth form were the most 
important components of functional diversity stabilizing productivity. Using species or 
functional group richness as diversity measures there was no significant effect on spatial 
variability of biomass production, demonstrating the importance of the biodiversity 
component considered. Moreover, we found a significant increase in spatial variability of 
productivity with decreasing size of harvested area, suggesting small-scale heterogeneity as 
an important driver. The ability of diverse communities to stabilize biomass production across 
spatial heterogeneity may be due to complementary use of spatial niches. Nevertheless, the 
positive effect of functional diversity on spatial stability appears to be less pronounced than 
previously reported effects on temporal stability. 
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Increasing evidence that biodiversity affects ecosystem functioning has generated concern 
over the consequences of species loss and led to a renewed interest in the importance of 
diversity for ecosystem stability (see Cottingham et al. 2001, Loreau et al. 2002, Balvanera et 
al. 2006 for recent reviews). Mac Arthur (1955) predicted that increasing species richness 
should increase the temporal stability of aggregate community properties. This general 
hypothesis has been supported for various aspects of stability such as (1) the degree of change 
in an ecosystem following a perturbation (resistance; Mulder et al. 2001; but see Pfisterer & 
Schmid 2002), including the resistance against invasions (invasibility; Symstad 2000, Hector 
et al. 2001), (2) the rate of recovery of an ecosystem following a perturbation (resilience; 
Griffiths et al. 2000), and (3) the inverse of change of a community property over time 
(invariability or reliability; McGrady-Steed et al. 1997, Tilman et al. 2006). Overall, 
communities with larger numbers of species should be more predictable with respect to local 
biomass production and should enhance ecosystem reliability. 
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It has been hypothesised that this should equally apply for stability in space (Naeem & 
Li 1997, Fukami et al. 2001). With ‘stability in space’ we refer to the similarity of aggregate 
community properties such as biomass production between multiple subplots taken within one 
larger experimental plot representing a community of given species richness. According to 
this hypothesis, the similarity in biomass production between subplots within plots should 
increase with species richness because a greater number of species should better be able to 
exploit spatially heterogeneous resources by spatial niche complementarity. However, if 
spatial resource distribution were homogeneous, an alternative hypothesis would be that 
monocultures should produce spatially more homogeneous biomass than mixtures because of 
the greater similarity of individuals within than among species. In contrast to the wealth of 
studies on the influence of biodiversity on temporal stability of an ecosystem, the potential 
effect on community properties across space has received little attention. 
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So far, two experimental studies addressed ecosystem reliability in space by measuring 
the variance in community respiration/biomass between replicate microbial/aquatic 
microcosms of approximately 100 ml volume (Naeem & Li 1997, McGrady-Steed et al. 
1997). In these studies small replicates of single communities were considered subplots of 
larger aquatic communities where the similarity between replicates would approximate 
stability in space. Both studies have been criticized for this and other reasons (Wardle 1998, 
Loreau et al. 2001), but after re-analyses of the data the original authors maintained their 
conclusions that spatial stability of ecosystem properties increased with increasing 
biodiversity (Fukami et al. 2001, Morin & McGrady-Steed 2004). We do not know of studies 
carried out with larger-scale terrestrial systems, where environmental heterogeneity in space 
may be larger and thus buffering effects of biodiversity stronger. 
 4
There is still considerable debate about how diversity should be measured (Petchey & 
Gaston 2006). Species richness and functional group richness are discontinuous measures of 
diversity and provide only limited information on the diversity of functional traits in a 
community. This is because they either ignore functional differences between species or 
represent them in a very coarse way. Therefore, continuous measures of functional diversity 
such as the FD index (Petchey et al. 2004) or Rao’s quadratic diversity Q (Ricotta 2005a, b) 
have been developed. Rao’s Q includes relative abundances of species, thus comprising 
information on richness and evenness of functional traits within the community (Mason et al. 
2005). If Rao’s Q is extended to allow different weights for different traits, those traits whose 
diversity contributes most strongly to a particular ecosystem function can be identified by 
inverse statistical analysis. Here we use this approach to find which type of functional 
diversity in experimental grassland communities is most strongly correlated with spatial 
variability of aboveground biomass production. We compare this approach with the results 
obtained if species richness or functional group richness are used as explanatory variables. 
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Another variable which may affect spatial variability of community properties is the 
size of patches in which these properties are being measured within a plot. Spatial stability 
may increase with patch size because the probability to include different micro-patches in one 
patch increases. Thus, in larger patches small-scale differences in abiotic site conditions may 
be buffered by the plant community and aggregated community properties such as biomass 
per unit area may thus be stabilized. The relationship between patch size and spatial stability 
of community biomass may also be affected by plant size. Large plants may dominate small 
patches while larger patches will include big and small plants thus homogenising plant-size 
related variation in community biomass. We also tested this patch-size hypothesis by 
harvesting subplots of different areas within our experimental plots. 
In our experiment, plant diversity was manipulated with regard to species richness (1–
16), functional group richness (1–4) and functional group composition (presence/absence of 
four functional groups and interactions of those) on 20 x 20 m plots. In addition, as an index 
of functional trait diversity, we calculated a weighted version of Rao's Q (Ricotta 2005a, b) 
for each plot. We assessed the relationship between these four components of diversity and 
the coefficient of variation (CV) in aboveground biomass production within plots. The CV 
was evaluated between four subplots per plot and the area of subplots varied from 0.025–0.3 
m². We tested the following hypotheses: (1) spatial stability increases with increasing plant 
diversity (smaller CV between the subplots within more diverse plots); (2) the relationship 
between spatial stability and diversity depends on the component of diversity considered; (3) 
increasing patch size stabilises measurements of aboveground biomass production; (4) the 
effects of diversity and patch size on spatial stability are independent. 
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Experimental design 
This study was carried out on the plots of a biodiversity–ecosystem functioning experiment in 
Jena (Thuringia, Germany, 50°55’ N, 11°35’ E; 130 m above sea level, Roscher et al. 2004). 
The area around Jena has a mean annual air temperature of 9.3 °C and mean annual 
precipitation of 587 mm. The “Jena Experiment” was established in May 2002 in the 
floodplain of the river Saale on a former arable field. Due to flooding dynamics, the soil 
texture ranges from sandy loam near the river to silty clay with increasing distance from the 
river. Because of this gradient in soil characteristics, the site was divided into four blocks 
perpendicular to the river, such that effects of soil heterogeneity could be separated from 
biodiversity effects. 
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The experimental communities were seeded in 78 large plots of 20 x 20 m with a 
gradient of species richness (1, 2, 4, 8 and 16) and functional group richness (1, 2, 3 or 4 
functional groups) per plot. The species were taken from a pool of 60 species typical to 
Central European Molinio-Arrhenatheretum meadows (Ellenberg 1996). The 60 plant species 
were categorised into four functional groups: grasses (16 species), small herbs (12 species), 
tall herbs (20 species), and legumes (12 species) using cluster analysis based on an ecological 
and morphological trait matrix (Roscher et al. 2004). The mixtures were created by random 
selection (with replacement) yielding 16 replicates for monocultures (1 functional group), 2-
species mixtures (1–2 functional groups), 4-species mixtures (1–4 functional groups), 8-
species mixtures (1–4 functional groups) and 14 replicates for the 16-species mixtures (1–4 
functional groups,  Roscher et al. 2004). Most of the possible combinations of functional 
groups were established with 3 to 5 levels of species richness each. Additionally, two 
monocultures per species were established on 3.5 x 3.5 m plots. All plots were mown twice a 
year in early June and early September corresponding to the typical regime for extensively 
managed meadows in the region. Plots were regularly weeded to maintain the sown species 
richness levels. Mowing and weeding were done on a per block basis such that any 
management effect was corrected for by the block effect in the analysis. Plots were not 
fertilized during the experimental period. 
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Data collection 
From 22–31 August 2005, aboveground plant biomass was harvested at 3 cm above ground 
level. In each of the large plots, we randomly selected four subplots of 0.6 x 0.5 m. Each 
subplot was further divided into three equally sized patches (A, B and C, size each: 0.5 x 0.2 
m) and patch B was further subdivided into 4 smaller patches (B1, B2, B3, B4, size each: 
0.125 x 0.2 m). All six patches (A, B1, B2, B3, B4 and C) were harvested separately. The 
plant material of patch A was sorted into species before weighing. In all other patches, species 
presence/absence was recorded in addition to total biomass. Hence, total aboveground 
biomass and species presence were available for adjacent patches on a scale of 0.025–0.3 m² 
in each of the four subplots per large plot. Additionally, species-specific biomass was 
available for one 0.1 m² patch (patch A) in each of the four subplots. All harvested biomass of 
sown species was dried (70°C, 48h) and weighed. 
In our analysis, we used six different patch sizes, each including the patches given in 
parenthesis: 0.025 m² (B1), 0.05 m² (B1 and B2), 0.075 (B1 to B3), 0.1 m² (B1 to B4), 0.2 m² 
(B1 to B4 and C) and 0.3 m² (A, all B and C). 
 
Diversity measures 
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We used four different measures of diversity in our study: (1) species richness, (2) number of 
functional groups, (3) functional group composition and (4) weighted Rao’s Q. Functional 
group composition refers to the combination of functional groups present in a plant 
community and this was decomposed into orthogonal contrasts for the presence/absence of 
every functional group individually and the two- and three-way interactions for the joint 
presence/absence of functional groups. Rao’s quadratic Q (Ricotta 2005a, b) is a continuous 
measure of functional diversity including information about the evenness of the distribution of 
functional traits within a community (Mason et al. 2005). Different weightings of functional 
traits included in Q allowed us to identify the most important traits relevant for the variation 
in CV of biomass production. Still, this results in one single value of Q for each plot and 
allows us to use Q as an explanatory variable comparable to the richness variables. An ideal 
description of the functional diversity of a community would be based on species specific 
traits measured in each community separately. However, this is extremely time-consuming 
and could not be done in the framework of this study. Instead, we used trait values measured 
in the 3.5 x 3.5-m monoculture plots to calculate Q. In total there were 13 candidate 
functional traits for these calculations. Five of these traits were taken from the literature 
(clonal growth, life cycle, rooting system, rooting depth, nitrogen fixing ability). Clonal 
growth expresses the capacity of lateral spread in three categories (no spread, short distances, 
longer distances). Life cycle describes the longevity of individuals (annual, biennial, 
perennial). Rooting depth classifies species into five categories of vertical root extension, 
whereas the longevity of primary roots characterises the type of the root system (mainly 
primary roots, primary and secondary, mainly secondary roots). These traits are all ordinal 
and were treated as numerical values. They are a subset of the 17 traits that had also been used 
when defining the functional groups as mentioned above (Roscher et al. 2004). The remaining 
eight traits measured in the monoculture plots in 2004 were number of shoots, shoot mass, 
start of flowering period, maximal height, leaf area, specific leaf area, mass-based leaf 
nitrogen, area-based leaf nitrogen. All traits were standardised to mean zero and unit variance. 
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Traits with skewed distribution were square-root or log-transformed to produce more 
symmetric distributions. 
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A detailed description of the calculation of Q and the inclusion of weighted species 
traits is given in appendix 1. In brief, Rao’s quadratic diversity Q is calculated as 
 , ∑∑
= =
=
S
i
S
j
ijji dpp
1 1
        Q
where S is the total number of species in the community, pi are the relative abundances 
of species and dij describe the dissimilarities between species i and species j. We used species 
biomasses in patch A, averaged over the four subplots, as estimates of species relative 
abundance and calculated the squared Euclidean distance as measures of pairwise 
dissimilarity (dij) between species. The inclusion of species traits can be weighted such that 
they maximise the power of Q in explaining spatial variation in biomass. We will refer to this 
diversity measure as “weighted Q”. To identify the weights for single traits, the largest weight 
is set to 1 and the importance of the different traits is described using relative weights ≤ 1. 
 
Data analysis 
 9
Spatial variability of biomass production within the 78 experimental communities was 
measured with the coefficient of variation (CV) of harvested aboveground biomass among the 
four subplots within each experimental plot for each of the six patch sizes from 0.025 to 0.3 
m². We used two alternative fitting sequences of split-plot analysis of variance to test the 
combined effect of the different diversity measures and patch sizes on the CV, thereby 
separating the effects of species and functional group richness on the one and functional 
composition on the other hand. The model terms were fitted sequentially as indicated in 
Tables 1 and 2. Single functional groups were entered in the model according to their 
explanatory power. A block term used in other analyses of the Jena Experiment (see e.g. 
Roscher et al. 2005) was not fitted in the presented models because it was not significant. The 
effect of patch size was decomposed into linear and quadratic contrasts. Although the CV as 
ratio of standard deviation and mean has a theoretical distribution that deviates from normal, 
the empirical distribution of the residuals in our analyses closely followed a normal 
distribution. Two plots (monocultures of Bellis perennis and Prunella vulgaris) were 
excluded from the analysis because there was no target species biomass in several subplots 
and the calculation of the CV was impossible. 
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With the iterative inclusion of different sets of plant functional traits in the weighted 
Q, we wanted to identify the most important traits relevant for the variation in CV of biomass 
production. As in the usual multiple linear regressions setting, not all variables (traits) may 
substantially contribute to the explanation of statistical differences in the response variable. 
We therefore used a cross validation criterion (Davison & Hinkley 1997) to identify the trait 
combination which minimised the estimated prediction error. The cross validation also 
prevents the risk of model over-fitting thereby avoiding potential statistical bias. 
To assess the robustness of the trait selection process we repeated the analysis 100 
times. Instead of calculating the CV based on patch B1, we randomly chose one of the four B 
patches (B1, B2, B3 or B4). We calculated the average relative weights for each trait for the 
full model including all the traits and the number of times each trait was selected for the best 
trait combination based on the cross validation criterion. 
 
Results 
Species and functional group richness 
 10
Increasing species richness (Fig. 1A) or functional group richness did not reduce spatial 
variation of biomass production between the four subplots within experimental plots as 
measured by the CV (Table 1). This finding was independent of the patch size harvested (Fig. 
1A). Hence, using species or functional richness as measures of plant diversity, our findings 
did not support our first hypothesis which expected a reduction in spatial variation with 
increasing diversity. As predicted, the CV of biomass production significantly decreased with 
increasing patch size (Table 1, Fig. 1A). The interaction between diversity measures and 
patch size was not significant (Table 1), which is consistent with our fourth hypothesis. At the 
smallest spatial scale of 0.025 m², the CV of biomass production between neighbour patches 
(B1 to B4) was significantly smaller than between patches of different subplots within the 20 
x 20 m plots (P = 0.002, Fig. 2). 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
 
Functional group composition 
Instead of species or functional group richness, the actual composition of functional groups, 
i.e. their presence and absence and the interactions of these presences and absences were 
analysed as a factorial “presence/absence of grasses x tall herbs x small herbs x legumes”. We 
found that the presence of grasses decreased and the presence of legumes increased the CV of 
biomass production at all levels of patch size (“Plot effects” in Table 2, Fig. 3). The presence 
of tall or small herbs had no significant effect on the CV of biomass production if averaged 
across patch sizes. However, small herbs tended to decrease and tall herbs tended to increase 
the CV on small patches (0.025–0.05 m²) but not on larger ones (significant interaction with 
patch size in “Subplot effects” of Table 2, Fig. 3). Effects of functional group composition 
were fully explained by the four main effects (presence of grasses, legumes, small herbs or 
tall herbs), i.e. two- and three-way interactions of functional group presences were not 
significant. 
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Functional trait diversity (weighted Q) 
The above results revealed several significant effects of functional group presences on the 
spatial variability of community biomass production. To test if these aspects of functional 
group composition of the experimental communities could be encompassed in a more 
sophisticated measure of functional diversity, we calculated the weighted Q with estimated 
trait weights as outlined in the Methods section and the appendix. Our analysis showed that, 
for patch sizes of 0.025 m², increasing values of weighted Q were indeed negatively 
correlated with the CV of biomass production if calculated with all the trait variables (P = 
0.004) or with selected trait variables (Fig. 1B, P = 0.006). Other patch sizes showed equally 
significant correlations as exemplary shown for the patch size of 0.1 m² (Fig. 1B, P = 0.014) 
and 0.3 m² (Fig. 1B, P = 0.010). Hence, independent of harvested patch size, higher functional 
trait diversity decreased the variability of aboveground biomass production in support of our 
first hypothesis. In addition, this finding demonstrates that the relationship between spatial 
variability and biodiversity depends on the measure of diversity applied as predicted in our 
second hypothesis. 
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 12
Diversity in rooting depth and diversity in clonal growth habit had the strongest 
influences on the CV of biomass production (Table 3), e.g. communities containing species 
with large differences in rooting depth or species with different clonal and non-clonal growth 
strategies decreased the variability in biomass production. At the largest patch size of 0.3 m², 
the most important traits selected were rooting type and specific leaf area (SLA). For all patch 
sizes, however, the difference between the model including all 13 traits (full model) and the 
model including only the selected traits (best model) was small, indicating that traits which 
had not been selected were redundant for the description of functional diversity. Moreover, 
the robustness of trait selection when using weighted Q as a measure of functional diversity 
was tested. The analysis given in Table 3 at the smallest patch size of 0.025 m² was replicated 
100 times. In each of four subplots per plot, one patch (B1, B2, B3 or B4) was randomly 
drawn. In each of four subplots per plot, one patch (B1, B2, B3 or B4) was randomly drawn. 
Each specific trait was selected the following number of times (in brackets) for the best 
model: rooting depth and type (together 61), clonal growth (59), leaf area (33), specific leaf 
area (18), number of shoots (15), maximal height (6), phenology start (3), area based leaf 
nitrogen (1) and life cycle, shoot mass, legumes and mass based leaf nitrogen (0).  Hence, 
from 100 random draws, patch selection demonstrated the robust pattern of model selection 
for the 0.025-m² patch size. 
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Discussion 
Diversity–spatial stability relationships 
 13
Based on theory and previous experiments looking at temporal stability, we predicted a 
positive relationship between biodiversity and spatial stability, and hence a negative 
relationship between diversity and spatial variability as measured with the CV of 
aboveground biomass production within experimental grassland communities. This 
hypothesis so far had not been tested in terrestrial ecosystems. We found no significant 
relationship between species richness or functional group richness as biodiversity measures 
and the CV of biomass production. However, the CV was significantly affected by functional 
group composition and decreased significantly with Rao’s Q, an index measuring functional 
trait diversity. This shows that only if those components of diversity are considered, which 
encompass functional diversity at a trait-specific level, the predicted relationship with spatial 
variability of biomass production can be detected. Further analyses revealed that it was in 
particular the diversity in two traits, rooting depth and clonal growth form, which had a 
biomass-stabilizing effect. Our results suggest that the finding of positive biodiversity–
stability relationships depends on the component of diversity considered, in our case the 
diversity in particular functional traits among species within experimental communities. 
Our extended version of Rao’s Q which incorporates weights for single traits thus can 
provide a higher resolution of functional diversity than the number of functional groups or the 
number of species alone, even though different measures of diversity are often correlated. In 
our study, the correlation between species richness and Q (based on 13 traits) was r = 0.48 (P 
< 0.001). Finally, it could be argued that it is not the diversity of functional traits that 
stabilizes aboveground biomass production, but simply the mean of functional trait values 
(Shipley et al. 2006). We tested this as well but did not find a significant relationship between 
the latter and the CV of aboveground biomass production.   
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The advantage of the quantification of functional trait diversity in Q relative to other 
functional richness measures is the relatively direct relationship of Q with resource-use 
complementarity among species. This relationship can be maximized by using trait weights in 
the calculation of Q as introduced in this study. The weighting of traits allows a selection of 
those traits whose diversity is most closely related to a certain community property. In our 
case, spatial yield stability as measured by its inverse, the CV of aboveground biomass 
production, was most strongly related to diversity in rooting depth and clonal growth form 
among species within the experimental communities.  
 
Patch size–spatial stability relationships 
 14
We hypothesized that a major cause of spatial variability in biomass production is small-scale 
heterogeneity of abiotic site conditions and that the importance of this heterogeneity will 
therefore be reduced by averaging as patch size increases. We indeed found a highly 
significant decrease in spatial variability of biomass production with increasing area of the 
patches among which the CV of aboveground biomass was calculated within a plot. This 
effect may be due to statistical averaging because a biomass value from a larger patch is 
implicitly averaged over a larger number of individuals or species in mixtures. However, 
because we could not find any interactive effects between species or functional richness and 
patch size on the CV we believe that statistical averaging probably played a minor role. 
Rather, we suggest that it was the more extensive averaging across small-scale heterogeneity 
in larger patches which explains the observed stabilizing effects of patch size on aboveground 
biomass production. Such small-scale heterogeneity could have been due to biotic (activities 
of herbivores, voles, ants, etc.) or abiotic factors (nutrient patches, soil structure, etc.). Our 
suggestion is further supported by the fact that spatial stability was significantly larger among 
adjacent patches than among equally-sized patches several meters apart from each other (see 
Fig. 2). 
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 15
A second important factor influencing biomass stability at different patch sizes is 
individual plant size which is strongly related to functional groups. Although the species or 
functional richness–variability relationships were similarly non-significant at all of the tested 
patch sizes from 0.025 to 0.3 m², there was a significant interaction between the effect of the 
presence of particular functional groups on spatial stability and patch size. In particular, small 
and tall herbs affected spatial stability, as measured by its inverse, the CV of aboveground 
biomass production, only on small patch sizes (0.025–0.05 m², see Fig. 3). This is most likely 
the effect of changing plant sizes. The large individual size of tall herbs had a destabilising 
effect on sample biomass on small patch sizes, because samples of this size either did or did 
not contain one large individual resulting in high variability of community biomass. In 
contrast to tall herbs, small herbs tended to cover entire plots more regularly by clonal 
growth. Increasing patch size should reduce these plant-size-related effects. A further 
indication that the presence of species with particular traits in a community had differential 
effects on biomass stability in small versus large patches was the change in traits selected for 
Rao's Q at the largest patch size. Instead of variability in rooting depth and clonal growth 
form, which were most important on patch sizes from 0.025 - 0.2 m², rooting type and SLA 
were selected on the patch size of 0.3 m². This shows that our third hypothesis of no 
interaction between diversity and patch size on spatial stability of aboveground biomass 
production may be too naïve if functional group composition or functional trait diversity are 
considered as diversity components. 
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Previous studies which found lower temporal variability of a community property with 
increasing biodiversity put forward several explanations for this effect (Fukami et al. 2001, 
see Cottingham et al. 2001, Loreau et al. 2002 for reviews): functional redundancy of species 
(insurance hypothesis, Lawton & Brown 1993, Naeem & Li 1997), increased probability of 
including key-species in more diverse communities (sampling effect, Aarssen 1997, Huston 
1997), higher resource-use complementary in more diverse communities (complementarity 
effect, Trenbath 1974, Hooper 1998) and statistical averaging due to the summation of 
randomly varying species abundances (portfolio effect, Doak et al. 1998, Tilman et al. 1998). 
In principle, the same explanations may apply for decreased spatial variability with increasing 
diversity, and indeed space for time substitution may be employed wherever external and 
internal drivers of changes in species abundances are not fully synchronized across space (see 
e.g. Naeem & Li 1997). Sampling and complementarity effects may be particularly important 
for spatial stabilization: diverse communities may buffer the environmental heterogeneity by 
having higher chances of containing a species well adapted to the local site conditions, 
whereas higher functional diversity may lead to a more complete spatial niche occupation 
(e.g. Spehn et al. 2005, Wacker et al. 2007). 
Calculating a functional-trait diversity index as a weighted version of Rao’s Q, we 
could show that spatial variability in our experimental grassland communities was related to 
diversity in rooting depth and clonal growth form among species. This indicates that 
experimental communities with a high diversity in these two traits achieved a more complete 
occupation of spatial niches and thus could better stabilize aboveground biomass production 
across small-scale environmental heterogeneity. Clonal integration, e.g. transport of water or 
assimilates from one ramet to another, and its benefits especially in heterogeneous 
environments are well known (Schmid 1990, Stuefer et al. 1994, D'Hertfeld & Jonsdottir 
1999) and spatial division of labour additionally enhances the benefits of clonal growth 
(Stuefer et al. 1996). Hence, a mixture of species showing beneficial effects of various clonal 
growth forms together with non-clonal plants which might quickly establish seedlings in 
small gaps after disturbance could decrease biomass variability. In competition, a better 
resource exploitation was found through induction of different rooting depth (Wardle & 
Peltzer 2003) as well as root proliferation into resource rich patches (Hodge 2004). It has 
recently been demonstrated that spatial niche differentiation through different rooting depths 
promotes species coexistence in grasslands (Fargione & Tilman 2005) and belowground 
factors generally appear to be important for an increased niche complementarity with 
increasing species richness (Dimitrakopoulos & Schmid 2004, De Boeck et al. 2006). 
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In addition to the general effects of functional trait diversity on spatial stability, the 
presence or absence of particular functional groups of species influenced the CV of 
aboveground biomass production. The positive effect of grasses on spatial stability at all patch 
sizes may be explained by their capacity to form a continuous matrix of tillers, while the 
negative effects of legumes might be related to the local improvement of soil-nitrogen 
availability to the plant community (Spehn et al. 2002, Scherber et al. 2006, Mwangi et al. 
2007, Oelmann et al. 2007). In contrast, individual plant sizes were most likely responsible 
for the different effects of small and tall herbs on biomass stability of small patch sizes. 
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Conclusions 
Overall, our results show that the relationship between the spatial stability in biomass 
production and biodiversity of a terrestrial system depends on the component of biodiversity 
considered. Our findings support the hypothesis that biodiversity increases spatial stability of 
aggregate community properties (e.g. decreases the variability or CV of biomass production) 
if the functional-traits component of diversity is considered, where rooting depth and clonal 
growth form are the most important functional traits. In contrast, the hypothesis was not 
supported if only species or functional richness components of diversity were considered. The 
most likely driver of spatial variability in aboveground biomass production in our 
experimental plant communities was small-scale heterogeneity of biotic and abiotic site 
conditions. The small-scale heterogeneity was also buffered in large compared with small 
patches, but even among the largest patches functional diversity continued to have an 
additional buffering effect on spatial variability in biomass production. 
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Table 1: Split-plot analysis of variance of the CV of aboveground biomass production among 
four subplots within experimental communities, using different patch sizes for biomass 
measurements. Species richness, number of functional groups (FG) and patch size were used 
as explanatory factors. Arrows indicate negative (↓) effects. 
 
Source d.f. SS MS F P  
Plot effect:   
Log (species richness) 1 0.21 0.21 1.15 0.287  
Species richness 3 0.13 0.04 0.24 0.865  
FG richness 3 0.43 0.14 0.79 0.504  
Residuals 68 12.38 0.18   
Subplot effects:   
Patch size 5 4.41 0.88 53.00 <0.001 ↓ 
     Linear 1 3.12 3.12 187.30 <0.001 ↓ 
     Quadratic 1 1.22 1.22 73.20 <0.001 ↓ 
     Deviation 3 0.07 0.02 1.50 0.215  
Log (species richness) x patch size 1 0.03 0.03 1.89 0.170  
FG richness x patch size 3 0.06 0.02 1.30 0.275  
Residuals 371 6.18 0.02   
Log (species richness) 1 0.21 0.21 1.15 0.287  
 6 
Table 2: Split-plot analysis of variance of the CV of aboveground biomass production among 
four subplots within experimental communities, using different patch sizes for biomass 
measurements. The first four lines are effects of the presence/absence of each of the four 
functional groups entered sequentially into the model (grasses, legumes, small herbs and tall 
herbs), the fifth line is the sum of all interactions of these four terms (FG interactions). 
Arrows indicate positive (↑) or negative (↓) effects. 
1 
2 
3 
4 
5 
6 
7  
 d.f. SS MS F P  
Plot effect:  
Grasses (G) 1 2.16 2.16 15.55 <0.001 ↓
Legumes (L) 1 1.17 1.17 8.41 0.005 ↑
Small herbs (SH) 1 0.04 0.04 0.28 0.599
Tall herbs (TH) 1 0.24 0.24 1.73 0.193
FG interactions 8 0.82 0.10 0.73 0.661
Residuals 63 8.74 0.14 
Subplot effects:  
Patch size 5 4.41 0.88 56.09 <0.001 ↓
     Linear 1 3.12 3.12 198.25 <0.001 ↓
     Quadratic 1 1.22 1.22 77.48 <0.001 ↓
     Deviation 3 0.07 0.02 1.58 0.193
Grasses x patch size 1 0.01 0.01 0.50 0.482
Legumes x patch size 1 0.03 0.03 1.82 0.178
Small herbs x patch size 1 0.12 0.12 7.41 0.007
Tall herbs x patch size 1 0.17 0.17 10.85 0.001
FG interactions x patch size 8 0.24 0.03 1.90 0.059
     G x L x patch size 1 0.00 0.00 0.01 0.936
     G x SH x patch size 1 0.04 0.04 2.63 0.106
     G x TH x patch size 1 0.01 0.01 0.78 0.379
     L x SH x patch size 1 0.05 0.05 3.36 0.068
     L x TH x patch size 1 0.07 0.07 4.20 0.041
     SH x TH x patch size 1 0.01 0.01 0.67 0.412
     G x L x SH x patch size 1 0.01 0.01 0.90 0.343
     G x SH x TH x patch size 1 0.04 0.04 2.67 0.103
Residuals 363 5.71 0.02 
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Table 3: Analysis of the relationship between functional diversity (weighted Q) and spatial 
stability based on the relative abundance of species per plot in August 2005. The table 
presents the coefficient of determination of a linear regression relating the CV of 
aboveground biomass production among four subplots within experimental communities to 
weighted Q using different patch sizes for the biomass measurements. The full model 
included all 13 traits with estimated relative weights, the best model only the traits selected by 
cross validation.  
1 
2 
3 
4 
5 
6 
7 
8  
Patch size 
[m²] 
R²       
full model 
R²  
best model 
selected  
traits 
relative 
weights 
0.025 0.104 0.099 clonal growth 
rooting depth 
0.703 
1 
0.050 0.119 0.118 clonal growth 
rooting depth 
0.697 
1 
0.075 0.106 0.104 clonal growth 
rooting depth 
0.683 
1 
0.1 0.091 0.079 rooting depth 1 
0.2 0.086 0.079 clonal growth 
rooting depth 
0.696 
1 
0.3 0.098 0.088 SLA 
rooting type 
1 
0.832 
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Figure 1: CV of aboveground biomass production among four subplots within experimental 
communities as a function of the logarithm of species richness (A) or of the functional trait 
diversity Q (B) of the communities. Q is based on diversity of rooting depth and clonal 
growth habit. Symbols and fitted lines indicate different sizes of subplots for the biomass 
measurements (filled circles and solid lines: 0.025 m², open circles and dashed lines: 0.1 m², 
filled triangles and dash-dotted lines: 0.3 m²).  
 
Figure 2: CV of aboveground biomass production among separate (filled circles, solid line) 
and adjacent patches (open circles, dashed line) of 0.025 m² within experimental communities 
as function of the logarithm of species richness of the communities. The adjacent patches 
occurred within one subplot and were labelled B1 to B4 (see Methods section).  
 
Figure 3: CV of aboveground biomass production among four subplots within experimental 
communities. Given are the median ± 25 % percentiles (box) and ± 75 % percentiles 
(whiskers) of experimental plots with species of a functional group present (grey) or absent 
(white). The data are presented for the smallest (0.025 m², left panels) and the largest (0.3 m², 
right panels) patch size used for the biomass measurements.  
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Figure 2:  1 
Species richness (log scale)
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Figure 3:  1 
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Appendix 1: Calculation of weighted Q 1 
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Functional traits: 
The calculation of Rao's Q is based on values of functionally relevant traits (t = 1, …, T) for 
the different species (s= 1, …, S). This trait information is comprised in a functional trait 
matrix  
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Values of Q may be strongly determined by exceptional trait values of single species, if the 
distribution of trait values is highly skewed. Therefore, traits were square-root or log-
transformed in case of skewed distribution.To remove effects of different measurement scales 
all traits were additionally standardised to mean zero and unit variance.  
 
Calculation of Q: 
Rao’s quadratic diversity Q is calculated as 
 , ∑∑
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=
S
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S
j
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        Q
where S is the total number of species in the community, pi are the relative abundances of 
species and dij describe the dissimilarities between species i and species j. We used relative 
biomasses of individual species in patch A, averaged over the four subplots per large 20 x 20 
m plot, as estimates of species relative abundance and calculated the squared Euclidean 
distances as measures of dissimilarities between species 
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because it relates Q as a measure of functional diversity to variances of individual traits, a 
commonly used measure of variability: 
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Weighting of species traits: 
The explanatory power of Q as a measure of functional diversity depends on which functional 
traits are incorporated and how these traits are weighted. The above mentioned 
standardization of trait values implicitly assigns equal importance to all included traits. We 
used different weighting of traits to identify the most relevant traits as well as their relative 
importance for the variation in CV of biomass production at the different patch sizes. To this 
end, trait weights αt,, t=1, …, T, were assigned to each functional trait such that Rao’s Q can 
be written as a weighted sum of variances  
 . )(2
1
2
t
T
t
t Var x∑
=
= αQ
The weights were then estimated such that they maximised the explanatory power of Rao’s Q.  
For this calculation a linear relationship between functional diversity and spatial 
heterogeneity was assumed. The regression equation can be written as 
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where ym is the CV of biomass within plot m, the predictor variables , t= 1, …, 
T, m=1, …, M describe the diversity of community m with respect to trait t, and β0, β1, γtß are 
regression coefficients. Because the regression coefficients γt= 2 β1αt2 share the slope 
coefficient β1 and the trait weights appear as squares, the γt must be either all positive or all 
negative. Estimation can therefore rely on least squares procedures with box constraints 
mttm Varz )(2 x=
 33
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available in standard statistical packages. To make the weights αt identifiable, the largest 
weight is set 1 and the relative importance of the different traits is described using relative 
weights αt defined as 
γγα maxt t= . 4 
5  
